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MASS SPECTROMETER AND MASS 
ANALYSIS METHOD 

CLAIM OF PRIORITY 

The present application claims priority from Japanese 
applications JP 2005-078367 ?led on Mar. 18, 2005, and JP 
2005-222327 ?led on Aug. 1, 2005, the contents of Which 
are hereby incorporated by reference into this application. 

FIELD OF THE INVENTION 

The present invention relates to mass spectrometers. 

BACKGROUND OF THE INVENTION 

In mass spectrometers used for proteome analysis or the 
like, separation of multiple charge ions is very important. In 
electrospray ionization, most of noise ions are singly 
charged, Whereas peptide ions tend to be multiply charged. 
Accordingly, technologies are very important for effective 
separation of only multiple charge ions from singly charged 
ions. Information on the charge number is obtained by 
analyZing mass spectra provided as a result of measurements 
With high resolution and less spectrum duplication. A sample 
previously subjected to a simple pretreatment, hoWever, 
contains multiple components, and spectra thereof are super 
imposed on one another. This makes it dif?cult to identify 
the multiple charge ions and the singly charged ions by 
means of softWare. To approach the above-mentioned prob 
lem, the US. Pat. No. 2002/0175279 discloses a method for 
achieving charge separation by means of hardWare. In the 
method disclosed, collision of gas molecules inside a linear 
trap alloWs ions to be cooled to the thermal temperature. 
Then, potential on one or both sides of an end lends in the 
linear trap is decreased to be a potential D of 0.1 to 1 V With 
respect to an offset potential of a linear trap section. At this 
time, a trap potential of the singly charged ions is the 
potential D, While a potential of n-charged ions is a potential 
nD. In contrast, kinetic energy of ions is maintained to be 
approximately thermal temperature energy (kT) regardless 
of the charge under cooling of the ions. Since the ion energy 
has a MaxWell-BolZmann distribution, ions are ejected out 
side the trap in order from loW to high charge, Wherein the 
loWer charged ions form a loWer potential than the multiple 
charge ions. After this processing, mass spectrometry is 
carried out in the linear trap. Alternatively, ions may be 
introduced into a time-of-?ight mass spectrometer so as to 
perform the mass spectrometry. During this time, a collision 
gas chamber or the like may be provided to perform MS/MS 
analysis or the like, as disclosed in the above document. 

In the linear trap, separation of ions based on the mass 
to-charge ratio (m/n, m: mass, n: charge number) has hith 
erto been carried out using a supplemental AC voltage, as 
disclosed in, for example, the US. Pat. No. 5,420,425. 
According to this document, a harmonic potential is formed 
radially by a RF voltage. A supplemental AC voltage Which 
resonates With the harmonic potential is applied to betWeen 
electrodes opposed to each other to radially eject the ions 
With the speci?c mass-to-charge ratio. 

Another method for ion separation based on the mass-to 
charge ratio in the linear trap is disclosed in the US. Pat. No. 
6,177,668. According to this document, a harmonic potential 
is formed radially by a RF voltage. A supplemental AC 
voltage Which resonates With the harmonic potential is 
applied to betWeen electrodes opposed to each other, or 
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2 
betWeen quadrupole rods and end lenses to axially eject the 
ions With the speci?c mass-to-charge ratio. 
A further method for ion separation based on the mass 

to-charge ratio (m/n) in the linear trap is disclosed in the US. 
Pat. No. 5,783,824. Wing electrodes are inserted into 
betWeen multipole rods to form a harmonic potential on an 
axis. A supplemental AC voltage Which resonates With the 
harmonic potential is applied to betWeen the Wing electrodes 
to axially eject the ions With the speci?c mass-to-charge 
ratio. 

Ion mobility separation in the mass spectrometry is dis 
closed in the US. Pat. No. 5,905,258. Ions ejected pulsely 
from an ion source or an ion trap are subjected to a constant 

DC electric ?eld under gas pressure of approximately 10 
mTorr. Since the velocities of ions accelerated by the electric 
?eld are different from each other, separation of the ion 
mobility is performed in an acceleration area of the DC 
electric ?eld. Timings at Which the ions reach a mass 
spectrometry section are different due to the ion mobility 
thereof, Which can facilitate the separation. 

SUMMARY OF THE INVENTION 

The challenge to charge separation by means of hardWare 
is to achieve speed-up. In a linear trap, during the charge 
separation, other measurement sequences are suspended, 
disadvantageously leading to a decrease in usability of ions, 
namely, sensitivity in the Whole device. In the charge 
separation as disclosed in the US. Pat. No. 2002/0175279, 
a potential barrier on the axis needs to be loWered so as to 

achieve the speedy separation. HoWever, as the potential on 
the axis is decreased, the charge selectivity or separation is 
also degraded due to an in?uence from a fringing ?eld. That 
is, in the technology as disclosed in the US. Pat. No. 
2002/0175279, the selectivity and sensitivity of ions are not 
compatible With each other. To obtain the su?icient charge 
separation, a relatively long separation time interval, for 
example, several hundreds ms, is necessary. Taking as an 
example a charge separation trap involving three stages, 
namely, ion accumulation, charge separation, and ejection, 
the usability of ions is calculated in the folloWing manner. In 
general, ions are introduced from an ion source to the charge 
separation trap at a constant rate. In this case, the usability 
of ions is calculated by the folloWing formula (1): 

TA 

Where T A is an accumulation time of ions, TS is a time for 
charge separation, and TE is a time for ejection. 

Typically, the accumulation time is about 10 ms, the 
charge separation time is about 100 ms, and the ejection time 
is about 5 ms. From these values, the usability of ions is 
determined to be 8%. Such loss of duty cycle leads to 
signi?cant decrease in sensitivity of the Whole device. 

In contrast, in the US. Pat. Nos. 5,420,425, 6,177,668, 
and 5,783,824, only the separation based on the mass-to 
charge ratio is explained, but the charge separation is not 
described at all. 

It is an object of the invention to provide a method of 
high-speed charge separation using a linear trap. As can be 
seen from the above-mentioned formula (1), the shorter the 
charge separation time is, the higher the duty cycle of ions, 
and thus the sensitivity is improved. 
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It is another object of the invention to provide a mass 
spectrometer With a simple structure and high sensitivity. It 
should be noted that in the method as disclosed in the US. 
Pat. No. 5,905,258, a system for speedy data processing is 
needed, resulting in high costs, and ions di?‘use during 
mobility separation of several tens ms, resulting in signi? 
cantly decreased sensitivity. 

In one aspect, the present invention is directed to a mass 
spectrometer comprising an ion source, and an ion trap for 
trapping ions ionized by the ion source. The mass spectrom 
eter also includes an ion trap controller for controlling a 
voltage on an electrode included in the ion trap, and a 
detector for detecting ions ejected from the ion trap. The ion 
trap controller includes a table for each mass-to-charge ratio. 
The table contains a frequency of the voltage used for charge 
separation, and a gain of the voltage for ejecting a ?rst ion 
With a ?rst charge outside the ion trap, and retaining in the 
ion trap a second group of ions With a second charge that is 
loWer than the ?rst charge. The ion trap controller controls 
the voltage based on the mass-to-charge ratio set. 

In another aspect, the present invention is directed to a 
mass analysis method comprising the steps of ionizing a 
sample, and introducing ions ionized into an ion trap. The 
method also includes the step of applying a voltage to an 
electrode included in the ion trap, the voltage having a 
frequency based on a mass-to-charge ratio set, and a gain for 
the set mass-to-charge ratio for ejecting a ?rst ion With a ?rst 
charge outside the ion trap, While retaining in the ion trap a 
second ion With a second charge that is loWer than the ?rst 
charge. Further, the method includes the step of detecting the 
?rst ion ejected. 

In another aspect, the present invention is directed to a 
mass spectrometer comprising an ion source, and an ion trap 
for trapping ions ionized by the ion source. The mass 
spectrometer also includes an ion trap controller for con 
trolling a voltage on an electrode included in the ion trap, 
and a detector for detecting ions ejected from the ion trap. 
The ion trap controller includes a table for each mass-to 
charge ratio. The table contains a frequency of the voltage 
used for ion mobility separation, and a gain of the voltage for 
ejecting a ?rst group of ions With ?rst ion mobility outside 
the ion trap, and retaining in the ion trap a second group of 
ions With second ion mobility that is loWer than the ?rst ion 
mobility. The ion trap controller controls the gain or the 
frequency of the voltage based on the mass-to-charge ratio 
set. 

In another aspect, the present invention is directed to a 
mass analysis method comprising the steps of ionizing a 
sample, and introducing the ions ionized into an ion trap. 
The method also includes the step of applying a voltage to 
an electrode included in the ion trap, for ejecting a ?rst ion 
With ?rst ion mobility outside the ion trap, While retaining in 
the ion trap a second ion With second ion mobility that is 
loWer than the ?rst ion mobility. The method further 
includes the step of detecting the ?rst ion ejected. 

The invention can provide apparatus and method for 
analyzing ions With high sensitivity in a speedy manner 
using a linear trap for selectively alloWing passage of 
multiple charge ions. Further, the invention can provide 
apparatus and method for enabling effective separation of 
ion mobility. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram shoWing a mass spectrometer accord 
ing to a ?rst preferred embodiment of the invention; 
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4 
FIG. 2 is a diagram shoWing a measurement sequence in 

the ?rst embodiment; 
FIG. 3 is a diagram explaining an effect of the mass 

spectrometer in the ?rst embodiment; 
FIG. 4 is a diagram explaining another effect of the mass 

spectrometer; 
FIG. 5 is a diagram explaining a further effect of the mass 

spectrometer; 
FIG. 6 a diagram shoWing a mass spectrometer according 

to a third preferred embodiment; 
FIG. 7 is a diagram shoWing a measurement sequence in 

the third embodiment; 
FIG. 8 a diagram shoWing a mass spectrometer according 

to a fourth preferred embodiment; 
FIG. 9 is a diagram explaining an effect of the mass 

spectrometer in the fourth embodiment; 
FIG. 10 is a diagram shoWing a measurement sequence in 

the fourth embodiment; and 
FIG. 11 is a diagram explaining an effect of the mass 

spectrometer in the fourth embodiment. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

First Embodiment 

FIG. 1 is a diagram of a con?guration of a mass spec 
trometer using a linear trap section enabling charge separa 
tion according to a ?rst preferred embodiment of the inven 
tion. Ions are generated by an ion source 5, such as an 
electrospray ion source, or a Matrix Assisted Lasor Desorp 
tion Ionization ion source. The ions generated are introduced 
via a differential pumping region, and an ion guide, Which 
are not shoWn, into a linear trap comprising four rods 2, and 
end lenses 1 and 3 on both sides thereof. Application of a 
voltage to the linear trap is performed by a poWer supply 7 
for a controller. Typically, the length of the rod 2 is set to 7.0 
mm, the diameter of a pole to 7.0 mm, a distance betWeen 
the poles to 7.0 mm, and a distance betWeen the rod 2 and 
the end lenses 1, 3 to about 10 mm. Trap RF voltages 
(frequency: 500 to 3 MHz (typically, 1 MHz), and ampli 
tude: 100 V to 5 kV) are applied to the rods 2 such that the 
adjacent rods are subjected to the voltages in opposite phase. 
That is, the rods 2a and 20 (also, the rods 2b and 2d) are 
subjected to the voltages in the same phase. A voltage of 
about 1 to 5 V is applied to the end lens respective to the 
offset potential of the rod. In the knoWn linear trap, the ratio 
of the length of the pole to the distance betWeen the poles 
(namely, pole length/distance betWeen the poles) is set to 
about 5 to 100. In the present invention, hoWever, the ratio 
is set to a value equal to or less than three 3. This causes the 
DC electric ?eld of the end lenses 1 and 3 to penetrate inside, 
thereby enabling formation of a harmonic potential on an 
axis. The application of the DC voltage forms a harmonic 
potential in the Z axial direction in a space enclosed With the 
rods 2 and the end lenses 1 and 3. 

Reference Will noW be made to a mechanism for exciting 
an orbit amplitude of ions With a speci?c mass-to-charge 
ratio under the harmonic potential and ejecting the ions 
outside the trap. FIG. 2 illustrates a measurement sequence 
Which comprises four steps, namely, accumulation, cooling, 
separation and ejection, and empty. In accumulation of ions, 
ions generated from the ion source are introduced into an ion 
trap. The use of a differential pumping region Which has 
been developed recently and has improved e?iciency of ion 
introduction can typically limit the time for accumulation of 
ions to 10 ms or less so as to restrict a space charge effect. 
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Note that the accumulation time depends on the structure of 
the ion source and the differential pumping region. The 
voltages of the end lenses 1 and 3 are set to a value higher 
by several V to several tens V than an offset potential of the 
rod 2, thereby trapping the ions into the linear trap. Then, the 
ions are cooled to the thermal temperature. Thereafter, the 
separation and ejection of the ions is performed. More 
speci?cally, only the ions With the speci?c mass-to-charge 
ratio resonate and oscillate according to the folloWing for 
mula, as explained beloW, and then are ejected outside the 
trap. A potential in the axial direction at a distance of Z from 
a minimum point of the harmonic potential in the Z direction 
is closely analogous to the folloWing formula (2): 

Wherein D0 is a harmonic potential in separation and ejec 
tion, and a is a distance betWeen an end of the harmonic 
potential and the minimum point thereof. 

The supplemental AC voltages in opposite phase are 
applied to the end lenses 1 and 3, respectively. The AC 
voltage applied typically has a voltage amplitude of 0.5 to 5 
V, and a single frequency of about 1 to 100 kHZ, or 
comprises the voltages superimposed on one another (maxi 
mum ampli?cation of about 2 to 50 V). NoW, selection of the 
frequency Will be described in detail. An equation of motion 
in the Z direction is represented by the folloWing formula 
(3): 

Where m is a molecular Weight, e is an electron charge, and 
n is a charge number. From the above-mentioned formula, a 
resonance frequency f in the Z direction is represented by the 
folloWing formula (4): 

ma2 

When D:5 V, and a:5 mm, the resonance frequency f is 
represented by the folloWing formula (5): 

Where M is a mass-to-charge ratio (in units of Th). The 
resonance frequency f in the Z direction is decreased in 
inverse proportion to the square root of the mass-to-charge 
ratio. Ions Within a speci?c range of mass-to-charge ratios 
are axially resonated and excited by application of the 
supplemental AC voltage. The ions With a large orbit ampli 
tude and exceeding the harmonic potential of the end lens 1 
or 3 are ejected outside the trap section. In contrast, ions 
With the mass-to-charge ratios Which have no in?uence from 
the resonance continue to be accumulated in the center of the 
trap. By setting the DC potential on an inlet end lens 1 higher 
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6 
by about several V than that on an outlet end lens 3, about 
100% of the ions are ejected from the outer end lens 3 to a 
mass spectrometry section 6, such as an ion trap, a linear 
trap, a TOF, or a Fourier transform type ion-cyclotron mass 
spectrometry section. The mass spectrometry section can 
detect the ions With the speci?c mass-to-charge ratio selec 
tively ejected from the linear trap. The Well-knoWn mass 
spectrometry section may detect the ions after collision and 
dissociation of the ions. Last, the ions are emptied from the 
trap. Particularly, by changing the RF voltage to Zero, the 
ions are emptied radially. This step is repeated to cause ions 
of the speci?c mass-to-charge ratio to be introduced selec 
tively into the mass spectrometry section 6, Which is located 
in a later stage. The mechanism for ejecting the ions With the 
speci?c range of mass-to-charge ratios outside the trap has 
been described. 

Reference Will noW be made in detail to a method and 
principle for separation of ions With a charge number n using 
the linear trap described above. A measurement sequence in 
charge separation is the same as that shoWn in FIG. 2, and 
comprises four steps, namely, accumulation, cooling, sepa 
ration and ejection, and empty. The knoWn data on a 
collision cross section (I (nm2) measured by the conven 
tional ion mobility spectrometer or the like is closely analo 
gous to the folloWing formula (6) respective to a molecule 
weight In (in units of Da): 

It is assumed that dependency of the collision cross 
section on a molecular Weight is based on the formula (5). 
FIG. 3 illustrates a result of simulation of three following 
kinds of ions Which have the same mass-to-charge ratio 
(:molecular Weight/charge number) of 600. When D:5 V, 
ions With a charge of 1 (mass 600 Da, collision cross section 
3.38 nm2), ions With a charge of 2 (mass 1200 Da, collision 
cross section 4.52 nm2), and ions With a charge of 3 (mass 
1800 Da, collision cross section 5.35 nm2) Were subjected to 
ion orbit simulation (not shoWn for accumulation and ejec 
tion). First, ions Were cooled for 2 ms. Then, a supplemental 
AC voltage Was applied to betWeen end lenses for 3 ms, as 
described later. More speci?cally, When the pressure of 
helium gas is 100 mTorr (13 Pa), the supplemental AC 
voltage of 40 kHZ, and 3.6 V (0-peak) Was applied. At this 
time, the singly charged ions are trapped in the trap, While 
doubly charged ions and triply charged ions are ejected from 
the trap. Although not shoWn in the ?gure, ions With more 
than four charges are also ejected in this case. This is 
because a force for ejecting the ions outside the trap from the 
supplemental AC ?eld is increased in proportion to the 
charge thereof. A force for con?ning ions to the center of the 
trap by gas collision is increased depending on the mass as 
described in the formula (6), but not in proportion to the 
mass. That is, the force is not increased in proportion to an 
amount of charge. It is supposed that the higher the charge, 
the relatively larger the force for ejection With respect to the 
force for pushing back. 

FIG. 4 illustrates a result of simulation of an ion ejection 
ef?ciency With respect to the supplemental AC voltage in 
helium gas of 100 mTorr (13 Pa) serving as a bath gas. As 
shoWn in the ?gure, the singly charged ions are completely 
ejected at the supplemental AC voltage of 4.3 V, While about 
100% of the doubly charged ions and the triply charged ions 
are ejected at the supplemental AC voltages of 3.6 V and 3.4 
V, respectively, Which are loWer than that of the singly 
charged ion. When the supplemental AC voltage is set to 3.6 
V, 100% of the singly charged ions are trapped, While 100% 
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of the doubly charged ions and the triply charged ions can 
be ejected in an axial direction of the trap. 
When a trap potential and a gas pressure are set to 

respective values, a supplemental AC voltage suitable for 
the charge separation depends on the mass-to-charge ratio. A 
supplemental AC voltage gain that retains singly charged 
ions and ejects multiple charge ions is previously deter 
mined for each of several mass numbers by experiment, and 
is recorded in a gain table 8 Within the poWer supply 7 for 
the controller. The table may be concerned With information 
on a relationship betWeen the mass-to-charge ratio and the 
voltage. As a sample for this experiment, a mixed solution 
may be used Which contains for example, polyethylene 
polymer, such as polyethylene glycol 500 (hereinafter 
referred to as PEG 500), PEG1000, and PEG 2000. The 
solution contains singly charged ions of PEG 500, doubly 
charged ions of PEG 1000, and quadruply charged ions of 
PEG 2000 With the mass-to-charge ratio of about 500. A 
frequency of a supplemental AC voltage used for charge 
separation of ions With the mass-to-charge ratio m/Z of 500 
is calculated by the formula (4). An experiment is performed 
by changing a supplemental AC voltage gain at this fre 
quency, thereby determining a supplemental AC voltage 
gain for ejecting multiple charged ions With the mass-to 
charge ratio of about 500. Singly charged ions of PEG 1000 
and doubly charged ions of PEG 2000 With the mass-to 
charge ratio m/Z of about 1000 exist in the solution. Like 
Wise, an experiment is performed by adjusting the supple 
mental AC voltage gain based on the frequency determined 
from the formula (4), thereby determining a voltage gain for 
ejection of the only multiply charged ions With the mass 
to-charge ratio of 1000. Similarly, the frequency and the 
voltage gain corresponding to each mass-to-charge ratio are 
stored in the table 8 of the controller poWer supply 7. In the 
case of ejecting multiply charged ions With a desired mass 
to-charge ratio, a supplemental AC voltage is determined 
referring to the frequency and the voltage gain stored in the 
table 8 of the controller poWer supply 7. 

This enables separation of ions With the speci?c mass-to 
charge ratio of 600 based on the charge thereof for a short 
time of 5 ms, during Which the ion separation Would be 
unable in the prior art. A typical accumulation time of 10 ms 
and a typical charge separation time of 5 ms are substituted 
into the formula (1) to provide the Duty Cycle of 50%, 
Which is six times more sensitive than that in the prior art, 
for example, 8%. This is an effect given by high-speed 
charge separation according to the invention. To quantita 
tively determine separability of n-charged ions and 
m-charged ions (m>n), a parameter E represented by the 
folloWing formula (7) is introduced as an inside for charge 
separation, 

Wherein voltages causing ejection of 50% of singly charged 
ions, doubly charged ions, and triply charged ions are V1, 
V2, and V3, respectively, and voltage Widths in Which the 
amounts of ejection of the singly charged ions, doubly 
charged ions, and triply charged ions are respectively 
changed from 10% to 90% are DV1, DV2, and DV3. For 
example, for 13:1, a supplemental AC voltage could be 
obtained for ejection of 10% of the n-charged ions and 90% 
of the m-charged ions. This means that the larger the P value, 
the higher the separability based on the charge. FIG. 5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
illustrates the dependency of the separation parameter E on 
a pressure of helium gas. This type of charge separation is 
effective particularly at 100 mTorr or more (13 Pa or more). 
When a bath gas With high mass, such as nitrogen 

(molecular Weight 28.0), air (average molecular Weight 
28.8), or Ar (molecular Weight 40.0), is used, the same 
phenomenon can be observed approximately in inverse 
proportion to the mass under a loW pressure (about more 
than 10 to 15 mTorr, or more than 1.3 to 1.8 Pa). Apressure 
range useful for the charge separation is different from that 
used in a normal ion trap or linear trap (for example, 0.02 to 
10 mTorr, or 2.6 mPa to 1.3 Pa in helium gas). It should be 
noted that the reason Why the above-mentioned high pres 
sure (for example, 100 mTorr or more, or 13 Pa or more in 
helium gas) is not selected as the pressure for use in the 
normal ion trap or linear trap is that the selective resolution 
based on the mass-to-charge ratio using the supplemental 
AC voltage is signi?cantly degraded. The object of the 
invention is to achieve the charge separation, and not the 
mass-to-charge ratio (molecular Weight/electric charge) 
separation. Such degradation in selective resolution of the 
mass-to-charge ratio is not problematic. As mentioned 
above, the use of the bath gas With high mass, such as helium 
(100 mTorr or more, or 13 Pa or more), nitrogen (molecular 
Weight 28.0), air (average molecular Weight 28.8), or Ar 
(molecular Weight 40.0), can generate a gain table 8 con 
taining the frequency and voltage value of the supplemental 
AC voltage corresponding to the appropriate mass-to-charge 
ratio at the pressure of 10 to 15 mTorr (1.3 to 1.8 Pa) or more 
in the same manner as mentioned beloW. This can eject ions 
With high charge and trap ions With loW charge, thereby 
permitting the charge separation. 
The ions With the high charge number ejected are detected 

by the mass spectrometry section 6, such as an ion trap, a 
linear trap, a TOF, or a Fourier transform type ion-cyclotron 
mass spectrometry section, Which is Well knoWn. In some 
cases, the ions ejected may be detected after ion isolation 
and dissociation processes under the knoWn control of 
measurement by the mass spectrometry section 6. Note that 
although in the embodiment four rods are used in the charge 
separation linear trap, six, eight, or tWelve rods may exhibit 
the same effect as that described above. Also, the ions With 
loW charge accumulated in the trap are capable of being 
introduced into and detected by the mass spectrometry 
section 6 by applying a DC electric ?eld to the trap before 
ejection. When the accumulation time is 10 ms, and the 
ejection time is 5 ms, the Duty Cycle becomes 50%, Which 
is six times more sensitive than that in the prior art, for 
example, 8%. This is an effect given by high-speed charge 
separation according to the invention. 

Second Embodiment 

In the above-mentioned embodiment, charge separation 
of ions With the speci?c range of mass-to-charge ratios is 
performed using the supplemental AC voltage With a single 
frequency. In a second preferred embodiment, charge sepa 
ration of ions With a Wide range of mass-to-charge ratios is 
also alloWed. A composite Wave With a frequency fN repre 
sented by the folloWing formula (8) (typically 1 to 50 kHZ, 
changed by 0.5 kHZ) is used as a supplemental AC voltage. 

N 

Z ANsin(27rfNr + W) 
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In this case, since an appropriate voltage is different depend 
ing on the mass-to-charge ratio (frequency), it is necessary 
to give a voltage gain AN Which differs depending on each 
frequency component fN. Ions resonate With only the fre 
quency component in the vicinity of the resonance fre 
quency to be ejected into the mass spectrometry section 6. 
Also in this case, a frequency and a voltage gain AN of a 
supplemental AC voltage for ejecting only ions With high 
charge and retaining ions With loW charge into the trap is 
determined by the same experiment as that in the ?rst 
embodiment, and stored in the gain table 8 of the controller 
poWer supply 7. In charge separation, the controller poWer 
supply 7 combines the supplemental AC voltages based on 
the formula (8) With reference to the gain table 8 containing 
frequencies and voltages corresponding to a desired range of 
the mass-to-charge ratios, and applies the combined voltage 
to the linear trap. When the accumulation time is 10 ms, and 
the ejection time is 5 ms, the Duty Cycle becomes 50%, 
Which is six times more sensitive than that in the prior art, 
for example, 8%. This is an effect given by the high-speed 
charge separation according to the invention. 

Third Embodiment 

In the third embodiment, the charge separation trap 
described in the ?rst embodiment is applied particularly to 
an ion source and an intermediate section (differential pump 
ing region) of a mass spectrometry section. This application 
is illustrated in FIG. 6. Ions are generated by an atmospheric 
pressure ion source 101, such as an electrospray ion source, 
an atmospheric pressure chemical ion source, an atmo 
spheric pressure light ion source, or an atmospheric pressure 
matrix assisted laser desorption ion source. The ions gener 
ated are introduced into a ?rst differential pumping region 
103 via a ?rst porous lens 102. The ?rst differential pumping 
region is exhausted by a vacuum pump (not shoWn), and is 
maintained at 1 to 10 Torr (130 to 1300 Pa, the main 
component being air) The ions pass through a second porous 
lens 104 to be introduced into a second differential pumping 
region 105 Where the trap of the invention is disposed. In the 
second differential pumping region 105, a pressure is kept at 
10 mTorr to 1 Torr (1.3 to 130 Pa, the main component being 
air) by the vacuum pump (not shoWn). The second differ 
ential pumping region 105 is provided With pre-trap sections 
106, and 107 for trapping ions, and charge separation trap 
sections 108, 109, and 110 for performing the charge sepa 
ration. The pre-trap section is composed of multipole rods 
106 and end lenses 107. The RF voltages (500 to 2000 kHZ, 
maximum amplitude 1 kV) in opposite phase are alternately 
applied to betWeen the multipole rods, thereby radially 
forming a trap potential. 
By controlling the DC voltage on end lens 107, a trap 

potential can be formed axially. This causes ions to be 
trapped into and ejected from the pre-trap. The charge 
separation trap is the same as that described in the ?rst 
embodiment. The pre-trap section and the charge separation 
trap section are respectively controlled by a pre-trap control 
poWer supply 120 and a poWer supply 121 for the charge 
separation trap section, Which are controlled by a controller 
122. FIG. 7 illustrates measurement sequences of the pre 
trap section and the charge separation trap section. Each 
sequence includes four stages, namely, accumulation, cool 
ing, separation and ejection, and empty. In accumulation, a 
DC voltage of the end lens 107 of the pre-trap is set to be 
loWer than a DC voltage of the rod of the pre-trap. This 
causes ions pre-trapped or ions introduced from the ion 
source to be introduced into the charge separation trap. After 
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cooling the ions for about 1 ms, a supplemental AC voltage 
is applied to perform charge separation. At this time, ions 
With high charge pass through the end lenses 110 into a mass 
spectrometry chamber 111. The mass spectrometry chamber 
111 is exhausted by a vacuum pump, and is maintained at 
10'4 Torr (0.013 Pa) or less. The ions ejected can be detected 
by various mass spectrometers, including an ion trap, a 
linear trap, and a TOF, Which may be disposed in the mass 
spectrometry chamber. 
The ions may be detected after separation and dissocia 

tion. The ions With loW charge retained in the charge 
separation trap after ejecting the other ions can be ejected 
outside the trap by changing the RF voltage to Zero. There 
after, by repeating the above-mentioned operation, multiply 
charged ions are selectively introduced into the mass spec 
trometry section. This enables speedy measurement thereby 
to signi?cantly reduce a decrease in duty cycle due to the 
charge separation. In the third embodiment, in ion ejection 
and charge separation, ions introduced from the ion source 
are trapped in the pre-trap section, and thus the relationship 
represented by the formula (1) is not satis?ed. The ions 
pre-trapped are introduced into the linear trap in accumula 
tion, resulting in a duty cycle of 100%, Which is tWelve times 
more sensitive than that in the prior art, for example, 8%. 
This is an effect given by high-speed charge separation 
according to the invention. 

It should be noted that in all embodiments described, the 
effect of the invention may also be produced by any other 
appropriate ion traps (for example, such as those disclosed 
in the patent documents described, namely, the Us. Pat. 
Nos. 5,420,425, 6,177,668, and 5,783,824), Which have the 
features of the invention, in addition to the linear traps 
having the structure embodied in the embodiments. That is, 
the effect of the invention can be applied to any ion trap 
systems in general, in Which a substantially harmonic poten 
tial is formed in the DC or AC voltage axially or radially, and 
a supplemental AC voltage resonating With a resonance 
frequency of ions is applied Within the potential, so that an 
orbit amplitude of ions With high charge becomes selectively 
larger than that of ions With loW charge, thereby performing 
the charge separation. A secondary e?fect provided by the 
invention is that only the ions of a speci?c charge are 
selectively permeable, leading to reduction in space charge 
effect in the mass spectrometry section in the later stage. 

Fourth Embodiment 

Although in the embodiments described above, only the 
charge separation is explained, separation based on ion 
mobility using the similar principle may be performed in the 
invention. It is knoWn that, When an electric ?eld is applied 
under a gas pressure of 1 mTorr or more, ions moves at a 
velocity equivalent to the gas collision effects. Ion mobility 
is used as a parameter representing ion velocity/electric ?eld 
at this time. For example, for ions With the same mass 
number, the larger the siZe of an ion, the loWer the ion 
mobility of the ion becomes due to high collision frequen 
cies. When ion mobility of a ?rst group of ions is loWer than 
that of a second group of ions, the velocity of the ?rst group 
of ions accelerated is loWer than that of the second group of 
ions even in the same electric ?eld. In an ion trap for ejecting 
ions having a velocity equal to or more than a speci?c 
velocity, ions having a speci?c shape can be separated. 

FIG. 8 illustrates an example of an apparatus for perform 
ing ion mobility separation. Ions generated in an ion source 
200 pass through an ion transport section, including an ion 
guide, and an ion trap, and then through an inlet end lens 201 
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in a bath gas, to be introduced into the ion trap. The ion trap 
consists of Wing electrodes 204, and 205, each serving as an 
insertion electrode, and multipole rods 202. A DC electric 
?eld is applied to betWeen the Wing electrodes 204, 205 and 
an offset potential of the multipole rods 202 to form a 
harmonic type potential axially. The application of a supple 
mental AC voltage With a speci?ed frequency betWeen the 
Wing electrodes causes ions With the speci?c mass number 
to resonate axially and to be ejected from the end lenses 203. 

The ions ejected are accelerated orthogonally by an 
accelerator 210, re?ected by a re?ectron 211, and then 
detected by a detector 212, thereby obtaining a mass number 
spectrum from a time of ?ight. It is pointed out that in the 
knoWn ion trap, ions With the speci?c mass-to-charge ratio 
are ejected by changing a frequency. In the invention, 
hoWever, a condition exists in Which only ions With high ion 
mobility are ejected, and only ions With loW ion mobility are 
trapped. 
When the trap potential and gas pressure are set to 

predetermined respective levels, a supplemental AC voltage 
appropriate for the ion mobility separation depends on the 
mass-to-charge ratio. A supplemental AC voltage gain that 
retains ion species With speci?c ion mobility and ejects ion 
species With ion mobility larger than the above one is 
previously determined for each of several mass-to-charge 
ratios by experiment, and is recorded in a gain table 207 
Within a poWer supply 206 for a Wing electrode controller. 
The table may be information on a relationship betWeen the 
mass-to-charge ratio and the voltage. The frequency of the 
supplemental AC voltage used for charge separation of a 
mass-to-charge ratio m/ Z of 500 is calculated by the formula 
(4). An experiment is performed by changing the supple 
mental AC voltage gain of this frequency, thereby determin 
ing a supplemental AC voltage gain for ejection of the only 
ions With the mass-to-charge ratio m/Z of about 500, and 
With ion mobility larger than the speci?c mobility. Likewise, 
for the mass-to-charge ratio m/Z of about 1000, an experi 
ment is performed by adjusting the supplemental AC voltage 
gain based on the frequency determined by the formula (4), 
thereby determining a voltage gain for ejection of the only 
ions With the mass-to-charge ratio of about 1000, and having 
ion mobility larger than the speci?c mobility. Similarly, the 
frequency and the voltage gain corresponding to each mass 
to-charge ratio are stored in the table 207 of the controller 
poWer supply 206. In the case of ejecting the ions With a 
desired mass-to-charge ratio and having the speci?c ion 
mobility, a supplemental AC voltage is determined referring 
to the frequency and the voltage gain stored in the table 207 
of the controller poWer supply 206. When ion mobility of 
interest is unclear, any plurality of gains may be introduced, 
in addition to formation of the above-mentioned table con 
taining the frequencies and gains. 

Although ion mobility separation is applicable even in the 
described structure shoWn in FIG. 1, the linear trap as shoWn 
in FIG. 1 has a strong in?uence of an RF electric ?eld on the 
end lenses 1 and 3. In contrast, a linear trap as shoWn in FIG. 
8 almost never has any in?uence of an RF electric ?eld on 
nearby end lenses. Thus, the separability or resolution of the 
ion mobility in the ion trap shoWn in FIG. 8 is higher than 
that in the ion trap shoWn in FIG. 1. Also, the ion trap of FIG. 
8 has enough resolution even under a loWer gas pressure (for 
example, at 1 mTorr or more, or 0.13 Pa or more of gas 
including nitrogen, Ar, and air, alternatively, at 10 mTorr or 
more, or 1.3 Pa or more of helium), as compared to the linear 
trap of the ?rst embodiment. Since the potential in the axial 
direction can be formed individually by the Wing electrodes 
as Will be described later, the ion trap of FIG. 8 has a higher 
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degree of ?exibility in the axial length, so that the length of 
a potential area can be set to 10 to 100 mm (typically, about 

50 mm). 
Reference Will noW be made to effects in the embodiment 

using FIG. 9. Scanning is performed in the trap at frequen 
cies from 4 kHZ to 15 kHZ With a depth of a harmonic 
potential of 5 V, and With an axial length of 50 mm. A bath 
gas is helium With its pressure set to 10 mTorr. FIG. 9A 
shoWs a mass spectrum When the supplemental AC voltage 
is 0.85 V, and FIG. 9B shoWs a mass spectrum ofions When 
all ions are ejected by application of DC potentials to both 
ends of the trap. A sample used contains a mixture of 
per?uoroalkylphosphaZine (Ultramark 1621) and PEG. In 
ejection of all ions (FIG. 9A), the spectrum shoWs peaks due 
to the PEG and the Ultramark 1621 (at m/Z:944). In 
contrast, the spectrum shoWs that at a supplemental AC 
voltage of 0.85 V (FIG. 9B), only a peak due to the 
Ultramark 1621 (With a m/Z:944) appears preferentially. It 
is knoWn that the Ultramark 1621 has a spherical structure, 
and has a small collision cross section, and large ion 
mobility, as compared to the PEG. The result of FIG. 9 
shoWs that only ions With large ion mobility can be prefer 
entially ejected by appropriately setting the supplementary 
AC voltage in the embodiment. 
A tWo-dimensional spectrum (?rst dimension: ion mobil 

ity, second dimension: mass number) can be obtained by 
changing a measurement supplementary AC voltage to 0.85 
V, 0.90 V, 0.95 V, . . . 1.50 V sequentially as shoWn in FIG. 
10. It is Well knoWn that the degree of ion mobility is 
dependent on a molecular species. Thus, the supplemental 
AC voltage can be adjusted and set to an appropriate value 
by scanning the frequency, thereby selectively ejecting only 
molecular species With a speci?c shape (for example, an 
annular shape, a linear shape, or the like). In this case, 
although the supplemental AC voltage is set to a constant 
value When scanning of frequencies as shoWn in FIG. 10, 
only the speci?c ion species can be ejected by appropriately 
changing the voltage. 

Also, in the apparatus as shoWn in FIG. 8, charge sepa 
ration can be done in another embodiment, Which is illus 
trated in FIG. 11. As a sample, a peptide mixture containing 
tWenty kinds of peptides (at a concentration of 1 to 100 nM) 
Was used, and helium With a pressure of 10 mTorr Was used 
as gas for an experiment. FIG. 11A illustrates a mass 
spectrum obtained When all ions in the trap are ejected by 
setting the supplemental AC voltage to 1.5 V. It shoWs that 
chemical noise due to the singly charged ions occurs every 
1 Th, and no peak due to the multiply charged ions can be 
detected. In contrast, FIG. 11B illustrates a mass spectrum 
obtained When the supplemental AC voltage is set to 0.80 V. 
FIG. 11B shoWs that only peaks due to a plurality of multiply 
charged ions are selectively detected. As mentioned above, 
the present embodiment is effective in separation based on 
the ion mobility due to molecular shapes, and separation 
betWeen the multiply charged ions and the singly charged 
ions. In general, it is knoWn that the multiply charged ion has 
loWer ion mobility than that of the singly charged ion. The 
charge separation in the ?rst to third embodiments is one of 
examples of the ion mobility separation. 

Although in FIG. 8, mass spectrometric analysis is per 
formed by a time-of-?ight mass spectrometer after trapping 
for the ion mobility separation, mass spectrometric analysis 
may be carried out by the ion trap mass spectrometer, or the 
Fourier transform mass spectrometer. As mentioned above, 
since the trap for the ion mobility separation has a capability 
of mass separation, a mass spectrum can be obtained by 
simply providing a detector. In this case, although the trap 
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has the mass resolution that is inferior to that of the other 
mass spectrometer, it has an advantage in cost. 
What is claimed is: 
1. A mass spectrometer comprising: 
an ion source; 
an ion trap section for trapping ions ioniZed by said ion 

source; 
an ion trap controller for controlling a voltage on an 

electrode included in said ion trap section; and 
a detector for detecting the ions ejected from said ion trap 

section, 
Wherein said ion trap controller includes a table for each 

mass-to-charge ratio, the table containing a frequency 
of the voltage used for charge separation, and a gain of 
said voltage for ejecting a ?rst ion With a ?rst charge 
outside the ion trap section, and retaining in the ion trap 
section a second group of ions With a second charge 
that is loWer than the ?rst charge, and 

Wherein the ion trap controller controls the voltage based 
on the mass-to-charge ratio set. 

2. The mass spectrometer according to claim 1, Wherein 
said table is a table regarding the frequency and the gain for 
each range of the mass-to-charge ratios, and said controller 
controls the voltage based on the range of the mass-to 
charge ratios set. 

3. The mass spectrometer according to claim 1, further 
comprising a pre-trap section for trapping the ions in 
betWeen the ion source and the ion trap section, and a 
pre-trap controller for controlling a voltage on an electrode 
included in the pre-trap. 

4. The mass spectrometer according to claim 1, Wherein 
said ion trap section includes a plurality of multipole rods, 
and end lenses sandWiching said plurality of multipole rods 
therebetWeen. 

5. The mass spectrometer according to claim 1, Wherein 
a bath gas in the ion trap section is helium With a pressure 
of 10 mTorr (1.3 Pa) or more. 

6. The mass spectrometer according to claim 1, Wherein 
a bath gas in the ion trap section is at least one of nitrogen, 
oxygen, and argon, With a pressure of 1 mTorr (0.13 Pa) or 
more. 

7. The mass spectrometer according to claim 1, Wherein 
said table is generated based on at least one of a kind of gas 
in the ion trap section, a pressure of the gas, and a trap 
potential. 

8. A mass analysis method comprising the steps of: 
ioniZing a sample; 
introducing ions ioniZed into an ion trap section; 
applying a voltage to an electrode included in the ion trap 

section, the voltage having a frequency based on a 
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mass-to-charge ratio set, and a gain for the set mass 
to-charge ratio for ejecting a ?rst ion With a ?rst charge 
outside the ion trap section, While retaining in the ion 
trap section a second ion With a second charge that is 
loWer than the ?rst charge; and 

detecting the ?rst ion ejected. 
9. The mass analysis method according to claim 8, further 

comprising the step of decomposing and dissociating the 
?rst ion ejected. 

10. The mass analysis method according to claim 8, 
further comprising the steps of introducing the ioniZed ions 
into a pre-trap section, and applying a voltage having a 
frequency based on the mass-to-charge ratio set to an 
electrode included in said pre-trap section, thereby intro 
ducing the ions With the mass-to-charge ratio set into the ion 
trap section. 

11. A mass spectrometer comprising: 
an ion source; 
an ion trap section for trapping ions ioniZed by said ion 

source; 
an ion trap controller for controlling a voltage on an 

electrode included in said ion trap section; and 
a detector for detecting the ions ejected from said ion trap 

section, 
Wherein said ion trap controller includes a table for each 

mass-to-charge ratio, the table containing a frequency 
of the voltage used for ion mobility separation, and a 
gain of said voltage for ejecting a ?rst group of ions 
With ?rst ion mobility outside the ion trap section, and 
retaining in the ion trap a second group of ions With 
second ion mobility that is loWer than the ?rst ion 
mobility, and 

Wherein the ion trap controller controls the gain or the 
frequency of the voltage based on the mass-to-charge 
ratio set. 

12. The mass spectrometer according to claim 11, Wherein 
said ion trap section includes a plurality of multipole rods, 
and end lenses sandWiching said plurality of multipole rods 
therebetWeen. 

13. The mass spectrometer according to claim 11, Wherein 
said ion trap section includes a plurality of multipole rods, 
end lenses sandWiching said plurality of multipole rods 
therebetWeen, and an insertion electrode inserted into 
betWeen the multipole rods. 

14. The mass spectrometer according to claim 12, Wherein 
said ion trap controller controls the voltage such that a 
harmonic potential is formed by a DC electric ?eld on a rod 
axis. 


